The liver immune system
=======================

Immune regulation in the liver is for a large part controlled by unique populations of conventional but also unconventional APCs that can react in a spatiotemporally regulated way that enables fine-tuned modulation of local and systemic tolerance and immunity.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4],\ [@bib5]^ In contrast to conventional APCs, like dendritic cells (DCs), these unconventional APC populations consist of Kupffer cells (KCs), liver sinusoidal endothelial cells (LSECs), hepatic stellate cells (HSCs) and even hepatocytes that express only low levels of major histo-compatibility complex (MHC)-I/MHC-II and co-stimulatory molecules in the steady-state hepatic environment.^[@bib2]^

Furthermore, the quantitative and qualitative composition of immune cells in the liver differs markedly from secondary lymphoid organs, like lymph nodes, spleen or peripheral blood. The CD8^+^/CD4^+^ ratio (3.5:1) of hepatic T cells is reversed compared with a ratio of 1:2 for CD8^+^/CD4^+^ cells found in peripheral blood, lymph nodes and spleen. There is an increased proportion of CD3^+^CD4^+^CD8^+^ and CD3^+^CD4^−^CD8^−^ T cells in the liver, 15% of T cells express the γδ−TCR (T-cell receptor, compared with 2.7% in spleen), up to 50% of the liver-resident lymphocytes are natural killer (NK) cells in humans and the liver supports an unusually high frequency of natural killer T (NKT) cells.^[@bib3],\ [@bib5],\ [@bib6],\ [@bib7]^ In the liver, the majority of DCs display an immature phenotype, which in contrast to DCs in secondary lymphoid organs induces tolerogenic deviation rather than immunity accompanied by high IL-10 and low IL-12 secretion.^[@bib2]^ IL-10, which is also produced by KCs, and regulatory T cells (Tregs), has a pivotal, non-redundant role in controlling hepatic inflammation: IL-10 deficiency or depletion exacerbates hepatic immune-mediated liver damage and abrogates tolerance induction.^[@bib8],\ [@bib9],\ [@bib10]^

The liver tolerance effect
==========================

The liver tolerance effect was first recognized by Calne in 1969, when porcine liver allo-transplantation protected secondary transplanted organs from the same donor from rejection.^[@bib11]^ The liver is indispensable for the maintenance of oral tolerance toward nutrients, gut-derived bacterial metabolites, lipopolysaccharides from the cell walls of Gram-negative bacteria and cellular debris that enters the liver via the portal vein from the intestine.^[@bib2],\ [@bib12]^ Also, metabolic transformation in the liver parenchyma leads to intrahepatic generation of food antigens and neo-antigens/neo-adducts that challenge immune ignorance.^[@bib2]^ The feeding of antigens while bypassing the hepatic circulation by a portacaval shunt impairs development of oral tolerance. In agreement with the liver\'s function as an inductor of systemic tolerance, the injection of donor cells into the vein before transplantation of multiple organs from the same donor yields extended graft survival and maintenance of microchimerism.^[@bib13],\ [@bib14],\ [@bib15]^ Regulatory immune cells and conventional and unconventional APCs (T cells, DCs, KCs, LSECs) ensure that tolerance is maintained under homeostatic conditions, but still, potent *ad hoc* immune responses to combat infections can be initiated. The downstream effectors of the conventional and unconventional APCs are Tregs, and where appropriate, their action and function is contextualized.

Antigen-presenting cells in the liver and their function in tolerance
=====================================================================

Liver sinusoidal endothelial cells
----------------------------------

The blood passing through the liver enters the hepatic circulation via the sinusoids. The sinusoids are lined by highly specialized LSECs that form a physical barrier between the intraluminal space and the subendothelial space of Dissé. Here, the HSCs are located ([Figure 1](#fig1){ref-type="fig"}). LSECs interact intensively with passenger leukocytes ([Figure 2](#fig2){ref-type="fig"}) and are involved in hepatic leukocyte recruitment.

In contrast to canonical leukocyte recruitment by non-hepatic vasculature via selectin-ligand-selectin-mediated tethering, leukocyte recruitment in the sinusoids relies on the constitutive expression of CD54 (ICAM-1), CD106 (VCAM-1), vascular adhesion protein-1 (VAP-1), CD44 and hyaluronan.^[@bib16],\ [@bib17]^ Of note, hepatic neutrophil adhesion in the systemic inflammatory response syndrome (SIRS) and endoxemia, is selectin- and integrin-β~2~-independent. Instead, it depends on hyaluronic acid-serum-derived hyaluronan-associated protein-(SHAP)-complex and CD44 interactions between LSECs that express hyaluronan and bind SHAP, and CD44^+^ neutrophils.^[@bib18],\ [@bib19]^ This process is coordinated independently by toll-like receptor 4 (TLR4) activation in LSECs and KCs,^[@bib20]^ leading to increased production of tumor-necrosis factor alpha (TNF-α) and interleukin-1β (IL-1β), which promotes endothelial hyaluronic acid expression and facilitate adhesion of activated CD44^+^ T cells, NK cells and myeloid cells.^[@bib21]^ Under homeostatic conditions, TLR4 signaling, mediated by the constant flow of LPS arriving from the gut, is pivotal for the efficient antigen-independent entrapment and elimination of activated CD8^+^ T cells.^[@bib22],\ [@bib23]^

LSECs do not only regulate immune responses via selective recruitment of leukocytes, they also interact and activate both naïve CD4^+^ and CD8^+^ T cells. The outcome of such interaction is tolerance rather than immunity. As a major hepatic scavenger cell population, LSECs are as efficient in antigen uptake and processing as DCs.^[@bib24]^ Expression of the endocytic mannose receptor, scavenger receptor, Fcγ receptor IIb and lymph node sinusoidal endothelial cell C-type lectin (LSECtin)^[@bib25],\ [@bib26]^ ensures highly efficient receptor-mediated endocytosis in LSEC. Although the expression of the mannose receptor, MHC class II and the co-stimulatory molecules CD80/CD86 on LSECs are kept at low levels due to high local concentrations of the immunosuppressive cytokine IL-10.^[@bib27]^ LSECs are able to induce cytokine production in naive CD4^+^ T cells, and the resulting activated CD4^+^ T cells do not posses Th1 effector function; due to lack of IL-12 during priming, they convert into IL-10 and IL-4 producing cells,^[@bib28]^ that may have suppressive properties without expressing classical Treg markers like Foxp3 and CD25.^[@bib29]^ In addition to the activation of naive CD4 T cells, LSECs exert immune modulating effects on various effector CD4 T-cell populations. Stimulation of Th1 and Th17 cells by LSECs inhibits their secretion of interferon-γ (IFN-γ) and IL-17 although their proliferation is not affected.^[@bib30]^ This immune suppressive and tolerogenic effect is mediated by LSEC-derived IL-10 and enhanced PD-1/PD-L1 signaling.^[@bib30]^ In addition, LSECs can promote expansion of IL-4 producing Th2 cells.^[@bib31]^ The tolerogenic function of LSECs was also highlighted recently by the observation that nanoparticle-based autoantigen targeting to LSECs in a mouse model of experimental autoimmune encepahalomyelitis (EAE) produced protection from EAE, even if the disease was already established.^[@bib32]^ Hence, the induction of antigen-specific Tregs by LSECs provides a promising approach to control autoimmunity. Also, LSECs utilize the Notch-signaling pathway to induce IL-10 expression in Th1 cells with acquisition of *in vivo* suppressive function.^[@bib33]^ LSECs constitutively express ligands of the delta-like and Jagged family and interaction with LSECs triggers expression of the Notch target genes *hes-1* and *deltex-1* in Th1 cells, which suppresses their pro-inflammatory properties and constitutes a self-limiting, anti-inflammatory pathway that can prevent autoimmunity.^[@bib33],\ [@bib34],\ [@bib35]^

Another particular effect that is elicited by LSECs during their interaction with CD4^+^ T cells, is the imprinting of a gut tropism phenotype, that is, CD4^+^ T cells acquire integrin α~4~β~7~ and CC-chemokine receptor 9 (CCR9) expression.^[@bib36]^ This LSEC-induced expression of gut homing molecules in CD4^+^ T cells is dependent on all-trans retinoic acid (RA).^[@bib37]^ LSECs express the enzymes retinaldehyde dehydrogenase (RALDH1) 1 and 4 for conversion of vitamin A into all-trans RA.^[@bib36]^ RA is supplied by HSCs, in direct proximity to LSECs in the space of Dissé. CCR9 as well as α~4~β~7~ integrin are key determinants in lymphocyte homing to the gut, where nearly all intestinal intraepithelial and lamina propria lymphocytes express CCR9 and α~4~β~7~ integrin.^[@bib38]^ α~4~β~7~ integrin^+^ T cells bind to mucosal vascular addressin cell adhesion molecule-1 (MAdCAM-1)-expressing endothelium in the gut, and are further attracted by the CCR9-ligand CCL25 produced by intestinal epithelial cells.^[@bib39]^ This imprinting suggests that regulatory or immune-modulated CD4^+^ T cells migrate to the gut after their encounter with LSECs in the liver, and thus contribute to the upkeep of hepatic homeostasis. During primary sclerosing cholangitis (PSC) or in patients with inflammatory bowel disease, however, both CCL25 and MAdCAM-1 can be expressed ectopically by LSECs themselves, thus extending the action radius of pathogenic, possibly auto-reactive T cells to the liver.^[@bib38]^ This is especially interesting with respect to the emerging importance of the gut--liver axis in systemic immune regulation and probably in the diversion of hepatic tolerance toward (auto-)immune diseases (see below). In contrast, LSECs interaction with CD8^+^ T cells does not induce gut tropism, but rather results in the deletion of effector cells and skewing of naive CD8^+^ T cells toward a particular differentiation state resembling central memory T cells.^[@bib40],\ [@bib41]^ Similar to DCs, LSECs can efficiently cross-present antigens to CD8^+^ T cells. However, contact of naive CD8^+^ cells with LSECs upregulated PD-L1 expression on LSECs, but not of any co-stimulatory molecules. This effect was specifically observed in LSECs, and not in DCs, and resulted in a matured LSEC phenotype (PD-L1^high^/CD80/86^low^) that is required for the generation of LSEC-primed CD8^+^ T cells.^[@bib42]^ The priming of naive CD8^+^ T cells by LSECs that cross-present low abundant circulating antigens in the absence of inflammation results in a refractory state after initial expansion.^[@bib42],\ [@bib43],\ [@bib44]^ This is characterized by reduction in inflammatory cytokine production, such as IFN-γ, but also depends on the Ag concentration and duration of Ag exposure. At low Ag concentrations, initial T-cell proliferation and stimulation is observed, followed by attrition of cytokine release.^[@bib24],\ [@bib45]^ This unresponsiveness is controlled by the co-inhibitory receptor programmed cell-death-1 (PD-1) and its ligand PD-L1, where PD-L1 expression on LSECs represses IL-2 production in CD8^+^ T cells. After sustained co-inhibitory signaling over time, development of LSEC-primed T cells cannot be overridden by additional CD28 co-stimulation.^[@bib45]^ High antigen load, however, induces the development of cytolytic effector cells,^[@bib24]^ most likely due to such high IL-2 production after strong TCR signaling leading to upregulation of CD25 and initiation of effector T-cell development.

Classically LSEC-primed CD8^+^ T cells acquire a memory-like phenotype and, unlike their CD4^+^ counterparts, they express the lymphoid addressin CD62L and do not migrate to the gut, but return to the secondary lymphoid organs.^[@bib46]^ After reactivation, they elicit protective immunity in infectious inflammation as CTLs, and produce IFN-γ and eradicate pathogens.^[@bib47]^ In this way potential pathogens that gained access to the liver under non-inflammatory conditions, may still be eradicated in the case of an infection.

Not only can LSECs skew CD4^+^ and CD8^+^ T-cell responses directly, but they can suppress the activity of neighboring APCs, such as DCs, that would otherwise be capable of inducing T-cell immunity.^[@bib48],\ [@bib49]^ This so-called vetoing function exerted by LSECs depends on physical contact between the APCs and the LSECs, which markedly reduced co-stimulatory molecule expression and IL-12 secretion by DCs, leading to stunted CD8^+^ T-cell priming.^[@bib48]^ The method of vetoing to avoid sufficient T-cell priming in the liver seems a general one, as hepatic HSCs also contact-dependently prevent CD8^+^ T-cell activation by non-HSC APCs.^[@bib49]^

In addition to their tolerogenic properties, however, LSECs can fulfill pro-inflammatory roles for example in sepsis, where upregulation of PD-L1 on LSECs and PD-1 on KCs leads to exacerbation of endothelial damage by increased leakage and edema.^[@bib50]^ This PD-1/PD-L1-dependent interaction between KCs and LSECs impedes endothelial function, and therefore promotes acute-on liver failure in sepsis.^[@bib50]^

Tolerogenic function of KCs
---------------------------

In addition to LSECs, the liver-resident macrophages, the KCs, have a non-redundant role in antigen uptake, tolerance induction and pathogen clearance. Central to their macrophage function, they phagocytose particulate material, and eliminate dead-cell debris and pathogens. KCs patrol the sinusoids but do not actively migrate into the liver parenchyma to scavenge pathogens. They constitute 80% of the whole body macrophage population, and \~35% of the non-parenchymal liver cells.^[@bib12]^ KCs express the macrophage markers CD68 and F4/80 as well as the TLRs 2, 3 and 4, and low to intermediate levels of CD11b and Ly6C.^[@bib2],\ [@bib51]^ KCs hold a principal role as sentinels purging pathogens and pathogen-derived products. They take up significant amounts of bacteria or endotoxins, but under steady-state conditions, they do not induce inflammation but rather diversion towards tolerance. As a result, depletion of KCs, but not splenectomy, results in fatal outcome of infections with *Listeria monocytogenes*, *Brucella burgdorferi* or *Staphylococcus aureus* in mice, accompanied with enhanced bacterial dissemination and reduction in hepatic bacterial uptake.^[@bib52],\ [@bib53],\ [@bib54]^ This is a result of impaired bacterial clearance, which could link the observation that patients with advanced cirrhosis, end-stage liver disease and acute liver failure are prone to acquire infections and develop sepsis or a SIRS^[@bib55],\ [@bib56]^ with impaired KC function in those diseases. Under physiological conditions, KCs are constantly exposed to LPS (ranging from 100 pg/ml to 1 ng/ml) in the portal venous blood that is derived from the splanchnic circulation.^[@bib28]^ In response to LPS or endotoxins KCs can produce both anti-inflammatory and immunosuppressive factors, such as IL-10, nitric oxide, transforming growth factor-β (TGF-β), or the arachidonic acid metabolite prostaglandin E~2~ (PGE~2~) and pro-inflammatory cytokines, especially TNF-α, IL-1β and IL-6, illustrating their dichotomous role in liver defense and inflammation.^[@bib57],\ [@bib58],\ [@bib59],\ [@bib60]^

In their physiological steady state, KCs exhibit an anti-inflammatory M2-like macrophage polarization, which is known from the context of helminthic infections or allergies.^[@bib61]^ Although M2-like polarization is anti-inflammatory in the context of prominent M1-polarized inflammation in acute tissue injury or bacterial infections, it can still contribute to propagation of inflammation in allergies, helminth infections or sustain tumor growth.^[@bib61]^ Hence, looking at M2-polarized inflammatory responses with relation to tolerance induction, it should rather be considered as a counterpart to type 1-based inflammation, and with its contribution to tolerance induction depending on the local cytokine micromilieu. LPS and TLR4 signaling promote M2-like polarization of KCs, which promotes endotoxin tolerance and protects from liver injury by preventing pro-inflammatory cytokine production and the attraction of Treg to the liver.^[@bib62]^ Of note, M2-polarized KCs apparently can also promote selective apoptosis of classical, M1-polarized KCs in alcoholic hepatosteatitis (ASH), a process that involves the paracrine induction of arginase, an M2 marker, via IL-10 secretion in the inflammatory local microenvironment,^[@bib63]^ thereby acting to restore homeostasis. Apart from these anti-inflammatory effects, antigen engulfment by KCs can directly contribute to the induction of local but also systemic tolerance: KCs can elicit CD4^+^ T-cell arrest of passenger leukocytes and T-cell proliferation, and the secretion of IL-10 induces expansion and activation of CD4^+^CD25^+^Foxp3^+^ Treg.^[@bib64]^ KCs are able to present engulfed antigens to effector cells to prevent intrahepatic dissemination of *B. burgdoferi*. This effect appears to be dependent on the local production of reactive oxygen species, and ligation of pattern recognition receptors with their cognate ligands, bacterial antigens and cell-wall products, presence of double-stranded RNA and signals provided by the local microenvironment.^[@bib64],\ [@bib65]^ Furthermore, it was indicated that ingestion of *Borrelia burgdorferi* by KCs leads to aggregation and activation of iNKT cells that are in close contact with the KCs via KC-iNKT contact formation via CD1d.^[@bib53]^

Besides these antigen-presenting capacities, KCs can express both immune-modulatory PD-L1 and PD-1: PD-L1 expression on KCs was demonstrated in the context of hepatocellular carcinomas, leading to reduction of PD-1^+^ T-cell effector function;^[@bib66]^ similarly, PD-L1 is upregulated on KCs in autoimmune hepatitis,^[@bib67]^ and in hepatitis B virus (HBV) infection, modulates PD-L1--PD-1 interactions between KCs, LSECs and effector T cells differentially modulates disease activity.^[@bib68]^ In the chronic stage of HBV, the reduction of PD-L1 expression by KCs may reduce PD-1-mediated effector cell exhaustion, which aids to control viral replication.^[@bib68]^ Intrahepatic PD-1 and PD-L1 levels correlate with the degree of inflammation in HBV.^[@bib69]^ Therefore, first therapeutical attempts to block PD-L1 expression in hepatic myeloid cells are made: using lipoid nanoparticle-assisted delivery of PD-L1 siRNAs in the model of murine cytomegaly virus infection, a successful reduction of immune suppression via the PD-1/PD-L1 axis was observed.^[@bib70]^ Here, increased NK and CD8^+^ T-cell intrahepatic accumulation, increase in effector function, and enhanced CD8^+^ T-cell-mediated viral clearance were observed. Moreover, Fas-L expression on KCs that is stimulated by gut-derived endotoxins can lead to T-cell apoptosis *in vitro.*^[@bib71]^ This process is accompanied by KC-derived reactive-oxygen production that triggers a transcriptional program to enhance Fas-L expression and thus enable induction of apoptosis in permissive cells.^[@bib71]^ Hence, KCs *per se* constitute an immune regulatory cell population that is involved in the direct elimination of activated T cells in the liver. Previously, it has been described that IFN-γ induces upregulation of Fas-L on KCs, and can lead to elimination of activated T cells in rats.^[@bib72]^ Also, in liver transplantation, graft-derived KCs of accepted grafts were shown to upregulate Fas-L, as well as capable of regulating IL-10 and TGF-β production allogeneic mixed lymphocyte reactions *in vitro*.^[@bib73],\ [@bib74]^ These data indicate that KCs have a concrete regulatory role in the modulation of liver tolerance.

A widely used model to study tolerance induction and immune-mediated hepatitis in mice is the Concanavalin A hepatitis model.^[@bib75]^ ConA hepatitis resembles autoimmune hepatitis as ConA-mediated liver injury is mediated by CD4^+^ T cells, NKT cells and KC.^[@bib9],\ [@bib75],\ [@bib76],\ [@bib77],\ [@bib78],\ [@bib79]^ Cytokines inducing liver damage are TNF-α, IFN-γ, IL-12 and IL-18.^[@bib80],\ [@bib81],\ [@bib82]^ IL-10 is a powerful, immune suppressive counter regulator that exerts tolerogenic and hepatoprotective effects in this model, and Treg and KC-derived IL-10 are crucial for the development of tolerance toward ConA after repeated injection.^[@bib8],\ [@bib9]^ Furthermore, Heymann *et al.* recently demonstrated that KCs are central in mediating T-cell arrest and induction of tolerance to scavenged particulate material by expansion of Foxp3^+^CD25^+^IL-10^+^ Tregs.^[@bib64]^ This particle-associated tolerance induction also protected mice from extrahepatic tissue damage in experimental models of nephritis.^[@bib64]^ Importantly, the role of hepatic tolerance in the development of glomerulonephritis was highlighted, when liver-borne protection failed in chronic liver injury and fibrosis,^[@bib64]^ where KCs lost their "tolerogenic signature",^[@bib64]^ and subsequently, antigen-specific CD4^+^ T cells remained immunogenic and were not converted into Tregs.^[@bib64]^

DCs
---

Another cell population with scavenger function are DCs; however, liver-resident DCs have low endocytotic capacities and poorly stimulate T cells, but on the other hand, secrete high levels of IL-10, which discriminates them from DCs in extrahepatic tissues.^[@bib2],\ [@bib83],\ [@bib84]^ Hepatic DCs exhibit an immature phenotype with low MHC-II and barely detectable co-stimulatory molecule expression. Also, in mice, four DC subsets can be identified: the two classical DC subsets, CD103^+^ and CD103^-^ DCs, the plasmacytoid B220^+^ DCs and hepatic DC precursors.^[@bib2],\ [@bib85],\ [@bib86]^ The liver is enriched in pDCs. Hepatic DCs can mediate immune tolerance either by direct T-cell depletion, inducing T-cell anergy or inducing and expanding Treg.^[@bib84],\ [@bib87]^ Hepatic DCs express higher levels of IL-10 but low levels of IL-12, and can exert tolerogenic properties via production of anti-inflammatory PGE~2~, which upregulates the immune suppressive metabolite indoleamine dioxygenase in DCs and enhances their IL-10 secretion and capacity to induce Treg.^[@bib2],\ [@bib83],\ [@bib84],\ [@bib88]^ Although abundantly present, hepatic pDCs secrete lower levels of type I interferon after CpG stimulation when compared with their splenic counterparts.^[@bib89]^ This could be due to their expression of high levels of the NLR-family member nucleotide-binding oligomerization domain 2 (NOD2), which is known to down-modulate responses to microbial products and dampen TLR signaling.^[@bib89],\ [@bib90]^ Engagement of NOD2 by its ligand interferes with TLR4 and TLR9 signaling in pDCs, resulting in reduced secretion of pro-inflammatory cytokines (IL-6, IL12p70, TNF-α and IFN-γ). Simultaneously, NOD2 signaling increases PD-L1 expression on pDCs resulting in their reduced capacity to stimulate T-cell proliferation.^[@bib89]^ Physical interaction between Tregs and DCs appears to be required to impose cell contact-dependent suppression by CTLA-4 and LFA-1, whereby Tregs actively inhibit DC maturation (that is, upregulation of CD80/CD86), even in the presence of DC-maturing cytokines (GM-CSF, TNF-α, IFN-γ, type I IFNs) and LPS.^[@bib91]^ This has also been observed in hepatocellular carcinomas, where hepatic CD4^+^CD25^+^ Treg induce downregulation of CD80/86, and reduce TNF-α and IL-12 secretion by DCs and thus promote a tolerogenic phenotype.^[@bib92]^ In acute colitis provoked by dextran sodium sulfate, reprogramming of hepatic DCs induces a Th1 response, and compromises their tolerogenic function. In this model, liver inflammation is accompanied by expansion of mononuclear cells in the liver, where classical DCs increase, as well as levels of IFN-γ and TNF-α, and the number of potentially Treg-inducing pDCs declines, leading to liver inflammation.^[@bib93]^ Similarly, in ConA-induced immune-mediated hepatitis, tolerogenic CCR9^+^ pDCs are decreasing, while hepatic infiltration of CCR9^+^ macrophages increases and exacerbates liver injury.^[@bib94]^ CCR9 has been identified as a marker for tolerogenic pDCs that mediate immunosuppression in acute graft-versus-host disease.^[@bib95]^ When Treg-inducing capacities of CCR9^+^ and CCR9^-^ pDCs are compared, CCR9^-^ pDCs were significantly less effective in inducing regulatory T cells and thus inhibiting antigen-specific immune responses. In addition to their maturation and activation status, the capacity of hepatic DCs to present antigen also depends on their lipid contents; in murine and human liver, a "lipid-based dichotomy"^[@bib131]^ was found specific to hepatic DCs.^[@bib96]^ Interestingly, DCs carrying a high lipid load are pro-inflammatory, secreted higher levels of pro-inflammatory cytokines (TNF-α, IFN-γ, IL-2 and IL-6) and could activate T cells, NK cells and NKT cells. They also expressed higher levels of CD54, CD40, CD80/CD86, as well as CD1d, when compared with DCs with low lipid content. Congruently, hepatic DCs with a low lipid load induced Treg, anergy to cancer and oral tolerance.^[@bib96]^ This observation points toward an interesting link to fatty liver disease and non-alcoholic steatohepatitis (NASH)/ASH.

HSCs
----

HSCs or Ito cells are located in the abluminal sinusoidal space of Dissé. In adult mice, they are derived from bone-marrow precursors and constitute \~5--8% of the non-parenchymal hepatic cell population.^[@bib97],\ [@bib98]^ HSCs store 80% of the total body vitamin A in intracytoplasmic lipid droplets, and regulate sinusoidal blood flow according to their functional and structural kinship with pericytes.^[@bib99],\ [@bib100]^ Upon their activation, for example, after infection with hepatitis virus C, HSCs metabolize vitamin A and all-trans RA, and differentiate into extracellular matrix-producing myofibroblasts that are central effectors in hepatic fibrosis and cirrhosis.^[@bib101],\ [@bib102]^ HSCs express antigen-presenting molecules for both peptides and lipids (MHC-I/MHC-II, CD1c, CD1d), as well as co-stimulatory molecules, such as CD86. Although they are capable of antigen (cross)presentation, it is at much lower efficiency compared with other APCs.^[@bib2]^ In line with this, HSCs can interact with T cells and induce CD4^+^ T-cell effector responses.^[@bib103]^ In addition, they also function as immunological bystanders that produce TGF-β and RA for induction of Treg.^[@bib103],\ [@bib104],\ [@bib105],\ [@bib106]^ As already described for LSECs, HSCs also possess the capability to veto priming of naive CD8^+^ T cells in a cell--cell contact and CD54-dependent fashion.^[@bib49]^ After contact with activated T cells or exposure to IFN-γ, HSCs induce expression of PD-L1, which subsequently promotes attenuation of T-cell responses by increasing apoptosis.^[@bib107]^

Although various reports support cell-autonomous antigen-presenting function in HSCs, LSECs, KCs and also hepatocytes, a recent report suggests that intensive exchange of MHC class I molecules from HSCs to liver DCs and KCs, but also from HSCs to LSECs by a mechanism called trogocytosis.^[@bib108]^ Trogocytosis describes a mechanism in which membrane fragments that contain antigen-presenting molecules, or co-stimulatory or co-inhibitory molecules are transferred between cells.^[@bib109]^ Trogocytosis was shown to occur between T cells and APCs within the immunological synapse to modulate inhibition or amplification of immune responses.^[@bib110]^ Trogocytosis apparently occurs between HSCs and liver DCs and KCs, prompting speculations whether in the liver this mechanism is used to facilitate antigen presentation and modulation of immune responses that result in hepatic tolerance or inflammation. Also, LSECs were shown to acquire MHC class I molecules from HSCs, which may function to increase the visibility of antigens present in HSCs to CD8^+^ T cells passing through the sinusoids.^[@bib108],\ [@bib111]^

Hepatocytes
-----------

Hepatocytes exert antigen-presenting properties, which are unique for parenchymal cells.^[@bib112],\ [@bib113]^ Hepatocytes express low levels of MHC-I molecules under homeostatic conditions, which may activate CD8^+^ T cells and contribute to viral clearance and allograft rejection. In an allogenic transplantation model, hepatocytes induce initial proliferation and transient activation of naïve CD8^+^ T cells, but fail to promote long-term survival, leading to early elimination of allo-reactive CD8^+^ T cells.^[@bib114]^

These two scenarios demonstrate that the thresholds of antigen presentation by hepatocytes matter in the upkeep of the balance between a tolerogenic versus an effector immune response: once the initial hepatocellular antigen load is low, an effector CD8^+^ T-cell response is initiated and contrary, if the antigens are presented in high abundance, CD8^+^ T-cell exhaustion and silence are the consequence, and T cells express high levels of PD-1,^[@bib47],\ [@bib115]^ ([Figure 3](#fig3){ref-type="fig"}). Furthermore, autoreactive CD8^+^ T cells can actively invade hepatocytes and are subsequently degraded in the lysosomal compartment, a process called emperilopoiesis, which is believed to contribute to hepatic tolerance ([Figure 3](#fig3){ref-type="fig"}).^[@bib116]^

In addition, hepatocytes can express low levels of MHC-II molecules, which can be further upregulated under inflammatory conditions in chronic liver disease, and after stimulation with IFN-γ.^[@bib117],\ [@bib118],\ [@bib119]^ Hepatocytes from injured or inflamed livers can actively induce IL-10-producing, CD4^+^ T cells in a Notch signaling-dependent fashion^[@bib117]^ ([Figure 4](#fig4){ref-type="fig"}).

In this way, hepatocytes may help to return to an immunological equilibrium after liver injury. More interestingly, hepatocytes from healthy, non-injured livers but also injured livers induce Foxp3 positive Tregs, again in a Notch-dependent fashion as Treg induction was abolished by γ-secretase inhibition, which prevents Notch cleavage at the cell surface.^[@bib118]^ In addition, TGF-β, which can be abundantly produced by KCs, significantly enhances hepatocyte-induced generation of Foxp3^+^ Tregs.^[@bib118]^ Thus, usage of the Notch-signaling pathway to suppress inflammatory cells or induce regulatory cells seems a more general feature of liver parenchymal cells, which may open up therapeutic possibilities to modulate the liver immune system toward tolerance or immunity.

TREGS
-----

The tolerogenic potential of the liver includes conversion of conventional T cells to Tregs. Tregs, that express high levels of the high-affinity IL-2R alpha chain (CD25) as well as the forkhead-winged helix transcription factor, Foxp3^+^, are instrumental in the upkeep of peripheral tolerance toward auto-antigens and in liver infection:^[@bib120],\ [@bib121]^ in neonatally thymectomized *Pd1*^*−/−*^ mice that lack Tregs, AIH was suppressed by Treg transfer from wild-type mice.^[@bib121]^ In this model, production of autoantibodies (for example, ANA, anti-nuclear antibody and antibodies against hepatic antigens) was observed, authentically resembling AIH in humans.

Furthermore, Kido *et al.*^[@bib121]^ demonstrated that hepatitis induction depended on autoreactive CD4^+^ T cells. Tregs are either generated in the thymus (nTregs) or in inflammatory microenvironments in the periphery (iTregs). In the gut, the conversion of conventional CD4^+^ T cells into iTregs depends on TGF-β and RA produced by CD103^+^ DCs.^[@bib122],\ [@bib123]^ In the liver, such DCs have not been identified, but the factors necessary for iTreg induction are abundantly expressed. TGF-β is produced by KCs, HSCs and to a lesser extent by LSECs. Moreover, vitamin A conversion into RA is prominently controlled by HSCs, and LSECs, with LSECs as the major inducers of CD4^+^CD25^+^Foxp3^+^ iTregs.^[@bib124]^ This conversion depends on their ability to retain latent TGF-β on their cell surface via latency-associated peptide and the anchor molecule Glycoprotein-A-repetitions predominant (GARP=LRRC32).

Furthermore, LSEC-induced antigen-specific Tregs limit experimental autoimmune encephalomyelitis (EAE) in a mouse model, where experimental multiple sclerosis is induced by injection of myelin-basic protein (MBP); this, indeed, leads to increase of MBP-specific Tregs to counteract inflammation.^[@bib124]^ In a recent report, the pivotal role of LSECs in Treg conversion was highlighted.^[@bib32]^ By nanoparticle-assisted targeting of auto-antigens to LSECs, EAE onset was prevented, which was dependent on Treg expansion after nanoparticle administration.^[@bib32]^ Ectopic expression of MBP in hepatocytes also prevents EAE due to the TGF-β-dependent induction of antigen-specific Foxp3^+^ iTregs.^[@bib125]^ As direct contact between hepatocytes and T cells located in the sinusoids is possible due to the fenestration of LSECs,^[@bib126]^ Notch-dependent conversion of iTreg by hepatocytes could occur. More speculative, hepatocyte expressed MBP could be handed around via trogocytosis to other parenchymal cells, including LSECs that are potent inducers of iTregs via membrane-bound latent TGF-β. The source for hepatic RA are HSCs, which due to their vitamin A storage function, can generate RA via expression of RALDH1.^[@bib105]^ Although HSCs do not present antigens to CD4^+^ T cells, they were critically involved in iTreg generation by DCs in the presence of TGF-β,^[@bib106]^ which depended on RA production. As HSCs are an abundant source of vitamin A, other APCs take advantage of its availability. For instance, LSECs express functional retinal dehydrogenases and can convert vitamin A to RA, which was essential for the induction of gut homing molecules CCR9 and α~4~β~7~.^[@bib36]^ As the induction of gut-homing receptors on Tregs by RA markedly improves their suppressive function,^[@bib127]^ the presence of RA during induction of iTregs by latent TGF-β on LSECs^[@bib105]^ could support induction of potent suppressive Tregs. Other anti-inflammatory soluble factors, like IL-10 or PGE2, that are pivotal to the tolerogenic immune status in the liver, can influence Treg function. IL-10, for instance, that is produced by KCs, is required in the Treg-promoting microenvironment to maintain their suppressive phenotype by stabilizing Foxp3 expression.^[@bib128]^ In tolerance induced after ConA-mediated hepatitis, both KCs and CD4^+^CD25^+^ Tregs are major producers of IL-10, which is responsible for the tolerogenic effect upon repeated injections of ConA,^[@bib9]^ suggesting that an autocrine IL-10 loop is present in Tregs to maintain Foxp3 and suppressive function. Tregs are not only generated *in situ*, but can also be recruited into the liver. CD4^+^CD25^+^Tregs are reported to express the chemokine receptor CXCR3.^[@bib129]^ In immune-mediated liver inflammation induced by ConA, induction of hepatic CXCR3-ligand expression (CXCL9, CXCL10 and CXCL11) is accompanied by increased hepatic infiltration of CXCR3^+^ Tregs.^[@bib130]^ These Tregs are important regulators in ConA hepatitis, as in *Cxcr3*^*−/−*^ mice, Treg accumulation following ConA administration was compromised and exacerbated liver damage due to induction of an extensive Th1/Th17 response.^[@bib130]^ As a reaction to this inflammation, Tregs increase in number, and this expansion exerts hepato-protective effects in liver injury of different etiologies and upkeep of tolerance toward liver and secondary organ allografts. But in strong contrast, it also supports perpetuation of viral hepatitis and establishment and progression of hepatocellular carcinomas. In animal models for liver transplantation, ablation of recipient Treg by CD25 antibodies, for example, abrogates allograft tolerance, and induces acute graft rejection.^[@bib131]^

Controversial discussion arose, however, about immune suppressive competence of Tregs in patients with AIH. Peiseler *et al.*^[@bib132]^ reported that they did not observe differences in the number of Tregs in peripheral blood of AIH patients or healthy subjects, together with comparable suppressive capacity. In addition, in adult AIH patients, numbers of intrahepatic Tregs were increased when compared with liver biopsies from NASH patients. This was argued by Vergani**\'**s group,^[@bib133]^ and references therein, as they found reduction in Tregs suppressive capacity from pediatric AIH patients. However, both groups appear to use alternate methodology to test Tregs suppressive function, and to purify Tregs and their observations may be due to methodological variances /discrepancies. In addition, it cannot be ruled out that early onset of AIH in pediatric patients yields alterations in Treg phenotype compared with adults.^[@bib132],\ [@bib133]^

Innate lymphocytes in the liver and their function in tolerance
===============================================================

NKT cells in liver tolerance
----------------------------

The liver supports an unusually high frequency of NKT cells. Type 1 invariant (i)NKT cells express a distinct TCRα chain (Vα24-Jα18) and are thought to recognize a broad spectrum of self and microbial lipids. Type 2 NKT cells express a variable TCR-type pattern and recognize mammalian and pathogen-related phospholipids.^[@bib134],\ [@bib135]^ In the mouse, up to 30--40% of lymphocytes in the liver constitute NK1.1^+^CD3^+^ NKT cells^[@bib3]^ (opposed to 0.5--2% in peripheral blood) of which 80% express the invariant TCR,^[@bib136]^ whereas in humans, NKT cells predominantly belong to type 2 NKT cells.^[@bib137]^ In the human liver, there are \~5--10% CD56^+^CD3^+^ NKT cells among the hepatic lymphocyte population.^[@bib3]^ Furthermore, \~10--30% of hepatic NKT cells express the (phospho)lipid binding MHC-like molecule CD1d, a population that is largely absent in human livers and only constitutes less than 1% of the hepatic lymphocytes.^[@bib3]^ Therefore, it is of note that in murine models for immune-mediated liver injury, NKT cell-mediated damage and immune regulation prevail, in contrast to human liver diseases. Consequently, mouse models addressing immune-mediated liver damage must be discussed carefully when it comes to interpretations of the relevance for human disease.

Both type I and II NKT recognize bacterial (phospho)lipids in the context of CD1d. *In vitro* studies show that LSECs, KCs and DCs can present lipid antigens to NKT cells; however, *in vivo* upon bacterial infection, NKT activation is predominantly mediated by KCs.^[@bib138]^ NKT cells can be activated by both pathogen-derived or self-lipids and pro-inflammatory cytokines like IL-12 and IL-18, predominantly produced by DCs and KCs upon infection. As they secrete Th1, Th2 and Th17-signature cytokines upon activation, depending on the nature of the APC stimulus and glycolipid ligand,^[@bib139]^ NKT cells are believed to have pro-inflammatory properties. They exert their hepatocytotoxic effects via secretion of pro-inflammmatory cytokines, or killing of hepatocytes by release of FasL.^[@bib140]^ This discriminates them from killing mechanisms of NK cells that use secretion of TNF-related apoptosis-inducing ligand and granzyme B. However, as described below, NKT cells can also act as regulators of tolerogenic Tregs and suppress autoimmunity.

In the liver, NKT cell activation seems to contribute to both the initiation or inhibition of liver inflammation and fibrosis, depending on the etiology of liver disease. The crucial involvement of NKT cells in inflammation-related liver injury after ConA challenge, in ischemia/reperfusion liver injury, and high-fat diet^[@bib78],\ [@bib141],\ [@bib142],\ [@bib143]^ was demonstrated, as mice that lack iNKT cells (in *J 18*^*−/−*^ or *Cd1*^*−/−*^ mice) are resistant to the aforementioned insults. In experimental models for NASH, primary biliary cirrhosis (PBC) and HBV infection, iNKT cell activation aggravates disease, whereas after chronic toxic liver injury, NKT cells are protective.^[@bib144]^ The dichotomous role may in part be explained by the reverse roles of NKT cell-produced IL-4 and IFN-γ, their relative concentrations, and consequently, on IL-4 and STAT-6-controlled infiltration of neutrophils into the liver.^[@bib145]^ Similarly, in hepatic ischemia and reperfusion injury, for example, sulfatide-mediated activation of type II NKT cells leads to the reduction of type I NKT-related IFN-γ secretion, which, in turn, diminishes hepatic recruitment of myeloid cells (CD11b^+^Gr.1^int^/CD11b^+^Gr.1^−^) and NK cells and yields liver protection.^[@bib141]^ Even more so, type II NKT cells can prevent inflammatory liver disease by anergy induction in type I NKT cells:^[@bib146]^ activation of sulfatide-reactive type II NKT cells and pDCs can recruit type I NKT cells to the liver; however, these iNKTs were anergic, indicating that hepatic CD11c^+^ DCs were rendered tolerogenic after activation of type II NKTs.^[@bib146]^ Interestingly, proliferation of iNKT cells was impaired after challenge with α-GalCer in mice that had received DCs from sulfatide-injected animals after challenge with α-GalCer.^[@bib146]^ In analogy, ConA-mediated liver injury is prevented if iNKTs are rendered anergic following NKT type II-restricted recognition of sulfated glycolipids or self-lysophospholipids.^[@bib146]\ [@bib148]^

Also, α-GalCer-induced immune hepatitis is ameliorated if iNKT cells are rendered hyporesponsive to α-GalCer restimulation after α-GalCer pre-treatment, even though α-GalCer also induces NKT cell-dependent NK cell activation.^[@bib149],\ [@bib150]^ Biburger and Tiegs report that α-GalCer-induced protection from liver injury is not a result of actively tolerizing factors but of activation-induced hyporesposiveness of hepatic NKT cells;^[@bib149]^ they state that the function of KCs and Tregs in this context is not relevant for the development of hepatoprotection.^[@bib149]^ Contradicting these observations, however, Swain\'s group states that NKT cells induce recruitment of CXCR3-expressing Tregs (see above), and that \~50% of the hepatic Tregs express CXCR3;^[@bib151]^ after α-GalCer challenge, they found that hepatic CXCL10 levels were significantly increased in WT but not in NKT cell-deficient mice, accompanied by increased numbers of TGF-β and IL-10 secreting Tregs. Hence, activated NKT cells induce a "cytokine-to-chemokine pathway" that controls hepatic inflammatory responses.^[@bib151]^

In addition to self-antigens, recognition of different bacterial antigens derived from the gut further impacts NKT cell function. Pathogenic bacteria in the gut aggravate ConA-mediated liver damage by enhancing NKT cell cytotoxicity toward hepatocytes, and ConA treatment itself aids bacterial translocation into the systemic circulation.^[@bib152]^ Contrary, depletion of gram-negative bacteria alleviated ConA-induced hepatitis, which concurred with suppressed NKT cell activation.^[@bib152]^ Another level of CD4^+^ T cell and NKT cell-mediated liver injury is the secretion of IL-17, that acts upstream of KC activation.^[@bib153]^ Neutralization of IL-17 release dampens ConA-mediated liver injury by reduction of IL-6 and TNF-α-levels, but *Il-17A*^*−/−*^ mice displayed liver injury after ConA not different from WT controls. This phenotype was feasible, as hepatoprotective IL-22 is also produced by Th17 cells, and is not affected by IL-17 blockage.^[@bib153]^ Importantly, blocking of the IL-17R does not ameliorate ConA-mediated liver injury, as negative feedback of IL-17A and IL-17F production is outruled---instead, in a TGF-β-rich environment, the impairment of IL-17A/-F-mediated IL-6 induction aids generation of Treg and thus favors induction of tolerance.^[@bib154],\ [@bib155]^ In ConA hepatitis, IL-17 is also produced by γδ T cells, which exert hepato-protective functions after ConA application (Vγ4 γδ T cells). This protective effect seems to rely on the negative regulation of NKT cells in an IL-17A-dependent manner.^[@bib156]^ Interestingly, non-committed iNKT cells can be induced to produce IL-17 when activated in the presence of TGF-β and IL-1β, which emphasizes the critical function of the micromilieu in immune cell activation.^[@bib157]^ Furthermore, hepatic iNKT cells specifically activated with α-GalCer rapidly produce IL-17, which inhibits the development of hepatitis.^[@bib158]^ Altogether, (i)NKT cells have been discussed quite controversially, as mentioned above, as they are quite potent in the induction of inflammation and hepatotoxicity ("friend or foe?"^[@bib159]^), but on the other hand, they are designated as "regulators regulating regulators":^[@bib160]^ With regards to the specific immunotolerogenic phenotype of NKT cells, iNKT (Vα14i) cells share properties with human iNKT (Vα24i) cells and are reduced in frequency in diverse animal models and human patients with autoimmune diseases.^[@bib161]^ This accounts for findings reported for systemic lupus, and models/patients for type I diabetes or ob/ob mice, or EAE mouse models and patients with multiple sclerosis (refer to Hammond and Kronenberg, and Wilson and Delovitch, and references therein).^[@bib161],\ [@bib162]^ As iNKT cells are capable of producing a large spectrum of Th1, Th2 or Th17 cytokines, it is of note that in autoimmune disease, secretion of Th2 cell-associated cytokines correlates with NKT cell regulation. Importantly, NKT cells, upon their activation and IFN-γ secretion, can induce hepatic Treg recruitment.^[@bib151]^ Furthermore, in humans, CD4^+^NKT cell-derived IL-2 production enhances Treg survival and proliferation in the presence of allogenic DCs,^[@bib160]^ with the NKT cells acting as helper cells to facilitate Treg expansion.^[@bib163]^

NK cells
--------

NK cells develop from an Id2+ precursor, and belong to the group 1 innate lymphoid cells and depend on IL-15 for their development and maintenance.^[@bib164],\ [@bib165]^ NK cells reside in the sinusoids and, besides NKT cells and KCs, are among the first cells to encounter circulating tumor cells and virus-infected cells; their depletion facilitates hepatic metastatic seeding or fulminant courses of hepatitis.^[@bib166]^ In infection, NK cell numbers significantly increase in the liver.^[@bib147],\ [@bib167]^ In mice, 5--10% of the hepatic lymphocytes constitute NK1.1^+^/CD3^−^/DX5^+^ NK cells, and in humans, 30--50% of the hepatic lymphocyte population are NK cells, characterized by expression of CD56, but not CD3.^[@bib3]^ Their activation and inhibition is mediated by the balance of stimulatory and inhibitory receptors, such as the inhibitory receptor NKG2A, that is highly expressed on hepatic NK cells; simultaneously, hepatic NK cells are devoid of the MHC class I-binding Ly49 receptor and exhibit a dampened INFγ response upon challenge with IL-12/IL-18.^[@bib168],\ [@bib169]^ By the immuno-suppressive milieu of the liver, they are kept in a hyporesponsive state.^[@bib170],\ [@bib171]^

Hepatic NK cells remain liver-resident, and like NKT cells, are activated by IL-12/IL-18 to become cytotoxic and produce IFN-γ. NK cells directly and indirectly interact with hepatic APCs, such as KCs and DCs, to control liver immune regulation:^[@bib170]^ KCs are critical in the maintenance of NK-mediated tolerance in the liver, as KCs are the main producers of IL-10, and TLR-induced release of IL-18. On the one hand, IL-10 suppresses NK cell activation and supports maintenance of their hypo-reactive state, whereas IL-18 potentially stimulates NK cell activity, especially when IL-10 levels are low.^[@bib171],[@bib172],[@bib173]^ TLR2/4 engagement and subsequent activation of the MyD88 pathway, in turn, result in enhanced IL-10 secretion by KCs, and thus support the intrahepatic immune-suppressive milieu. Also, *in vitro* stimulation of human NK cells with apoptotic cells induces tolerogenic, TGF-β-secreting NK cells that suppresses their autocrine IFN-γ production.^[@bib174]^ Hence, NK cells could contribute to liver protection by preventing exacerbation of liver damage.

In contrast, TLR3 engagement in response to dsRNA exposure after, for instance, viral infection, which is independent of MyD88 signaling, triggers activity of the TRIF--IRF3 pathway.^[@bib172]^ The latter impairs KC-related IL-10 secretion, and thus enhances NK cell activity. In this way, tolerance toward a homeostatic endotoxin load is maintained with simultaneous upkeep of potent anti-viral defense. Still, in mice with transgenic expression of HBsAg, poly I:C-induced liver injury is predominantly mediated via secretion of IFN-γ by intrahepatic NK cells, and independent of KCs.^[@bib175]^ In *Pseudomonas aeruginosa*-induced NK cell-mediated hepatotoxicity, enhanced recruitment of NK cells relies on the presence of KCs and secretion of TNF-α.^[@bib176]^ However, the role of NK cells in liver injury is strictly context-dependent, as treatment of mice with poly I:C before ConA injection yielded protection toward ConA-induced damage.^[@bib177]^ Contrary, mice with liver-specific expression of the HBsAg were over-sensitive toward ConA-hepatitis.^[@bib175],\ [@bib178]^ The differences in this sensitivity lie in the enhanced vulnerability of the HBsAg transgenic mice to IFN-γ, as IFN-γ-receptor levels were upregulated on their hepatocytes; also, IFN-γ and IL-4 derived from iNKT cells enhance the NK-ligand expression on hepatocytes, and therefore exacerbate hepatocellular cytoxicity.^[@bib169]^ Furthermore, KC-derived IL-12 was critical in WT mice for NK cell activation, whereas NK cell activation was KC-independent in HBsAg-transgenic animals.^[@bib175],\ [@bib178]^

Importantly, besides the regulation of KC-NK cell crosstalk, NK cells are actively involved in the tolerogenic diversion of T cells into Tregs via bi-directional cross-talk with DCs:^[@bib179]^ in co-culture experiments, IL-2-primed NK cells down-modulated DC-activity in a NKG2A-dependent fashion,^[@bib180]^ and NK-cell and DC-derived cytokines counteract each other\'s action. Furthermore, NK cell-DC contact via NKG2A induces DC-mediated activation of CD4^+^CD25^+^ Tregs.^[@bib179]^ However, contrary to freshly isolated CD4^+^CD25^+^ Tregs, NK cell-induced Tregs exert their suppressive activity via PD-1, and independent of TGF-β, glucocorticoid-induced TNFR family related gene (GITR) or IL-10.^[@bib179]^

THE RELEVANCE OF THE INTESTINAL BARRIER FOR LIVER TOLERANCE
-----------------------------------------------------------

Inflammatory bowel diseases are known to affect hepatic immune responses and the induction of systemic disease or tolerance.^[@bib181]^ Shifts in the gut microbiome were also identified as key factors in the development of the metabolic syndrome and various immunopathologies.^[@bib182]^ Importantly, the intestine--blood--barrier prevents excessive leakage of TLR ligands and bacterial debris in the healthy individual, and thus maintains liver-resident immune cells tolerant. As a consequence, intrahepatic immune responses are prevented and liver tolerance is preserved. Contrary, in acute and chronic liver inflammation or failure, concomitant endotoxemia provokes a breach of liver tolerance. Furthermore, patients with chronic or acute liver failure are prone to the development of sepsis and SIRS (see above). Endotoxemia and shift in the gut microbiome cause hepatic TLR/PRR activation, that leads to chronic liver inflammation and disease progression in viral hepatitis, ASH, NAFLD progression to NASH, cirrhosis and fibrosis, as well as PSC and PBC,^[@bib182],[@bib183],\ [@bib184],\ [@bib185],\ [@bib186]^ and references therein. Hence, integrity of the intestinal barrier is a critical factor in the modulation of gut-liver cross talk. Also, in AIH, concurrence with inflammatory bowel diseases is observed, albeit at a much lower frequency compared with PSC.^[@bib187],\ [@bib188]^

An important link between the microbiota and liver fibrosis was discovered, as fibrosis was alleviated by antibiotic treatment, and endotoxin-mediated TLR signaling via TLR4 enhances fibrosis.^[@bib189]^ Hepatic TLR and inflammasome signaling mediates liver injury and tolerance: TLRs on hepatic cells are activated upon intestinal dysbiosis and microbial translocation, a critical step in the development of autoimmune and chronic inflammatory liver diseases; TLRs and inflammasomes are expressed by liver cells: hepatocytes (TLR2-4; NLRP3), HSCs (TLR1-9), KCs (TLR2-4,9, NLRP1,3, AIM2) and LSECs (TLR2, NLRP1,3, AIM2). Activation of these TLRs induces inappropriate release of TNF-α, IL-6 as well as inflammasome activation and IL-1β secretion.^[@bib182],\ [@bib190]^ In intestinal and systemic inflammation, aberrant homing of intestinal mucosal cells to the liver significantly contributes to the development of AIH and metabolic and chronic liver diseases.^[@bib191]^ To date, tissue-specific homing receptors in the liver endothelium have not been identified. So, in autoimmune disease, the leukocyte addressin repertoire becomes diverted from a gut-homing to a less-restricted pattern ectopic expression of formerly gut endothelial-restricted antigens (an overview on hepatic leukocyte recruitment can be found in Oo and Adams^[@bib192]^): aberrant expression of gut-homing ligand-receptor pairs like CCR9, and CCL25 or α~4~β~7~ integrin and MAdCAM1, are important to induce hepatic tolerance (see above), but on the other hand, diversion of inflammatory lymphocytes from the gut to the liver is a critical determinant in the development and progression of autoimmune liver disease.^[@bib191],\ [@bib192]^ Pro-inflammatory Th17 cells, for example, are involved in the development and progression of AIH, PBC and PSC, as well as in inflammatory bowel diseases; at the same time, they contribute to the immune response against pathogenic microorganisms.^[@bib193],\ [@bib194],\ [@bib195],\ [@bib196]^ IL-23 and TNF-α that are produced by pathogen-activated DCs induce Th17 cells and activate RORγt^+^ cells in the colon that secrete IL-17A.^[@bib197]^ Disruption of the mucosal barrier in the gut facilitates translocation of bacteria and endotoxins into the portal circulation and initiate a hepatic immune response. In the liver, the local cytokine milieu determines the outcome between tolerance or inflammation and autoimmunity by balancing the levels of TGF-β, IL-6, IL-17, IL-23 or IL-1β, and thus Th17 cell or Treg polarization.^[@bib194],\ [@bib198]^ Activated Th17 cells that secrete IL-17, TNF-α and IL-23, promote hepatic leukocyte recruitment and therefore enhance liver inflammation in AIH, PBC and PSC. Contrary to Th17 cells, Tregs dampen liver inflammation in AIH, PBC and PSC, while these reports controversially describe the role of Tregs, or alterations in their number and function in these pathologies.^[@bib199]^

RESUME
------

Hepatic tolerance resides in its unique composition and abundance of conventional and non-conventional antigen-presenting cells and their creating an immunological micromilieu that allows maintenance of tolerance on the one hand but renders activation of potent immune responses on the other. The increasing prevalence of AIH and metabolic diseases, like NAFLD, NASH, but also ASH, cirrhosis, viral hepatitis and hepatocellular carcinoma poses a significant challenge to develop satisfactory therapies that allows manipulation of immune responses without eliminating anti-infectious immune responses. Also, the pathobiological mechanisms of PBC, PSC and AIH are only understood to a very limited extent, and recently, pieces of evidence accumulated that connect immunological tolerance with alterations of the intestinal microflora. The breech of tolerance in acute viral or autoimmune hepatitis, or after organ transplantation, pose challenges that demand novel therapeutic approaches to overcome lack of vaccines, and immune-suppressive therapeutics that still leave sufficient capacity to combat life-threatening infections. The discovery of the significant impact of the intestinal microflora, or novel regulatory pathways utilized by innate lymphoid cells, may hold the potential to further develop novel insights into therapeutic applications.
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![Schematic representation of the microanatomy of the liver sinusoids and their cellular composition. The hepatocytes are separated from the sinusoidal blood flow by the liver sinusoidal LSECs that create the Space of Dissé and shield the hepatocytes from sinusoidal blood flow. Between the LSECs and the hepatocytes, hepatic HSCs are interspersed. In the sinusoidal lumen, KCs and passenger leukocytes are located. Note that T cells can form intimate contacts with microvilli from hepatocytes, but also LSECs or KCs, which enables priming of T cells in the liver. HSCs, hepatic stellate cells; KCs, Kupffer cells; LSECs, liver sinusoidal endothelial cells.](cmi2015112f1){#fig1}

![Electron microscopic analyses of liver sinusoids. (**a**) Transmission electron microscopic image of a lymphocyte (L) within the intrahepatic sinusoidal lumen (S); original magnification × 12 000; e=LSEC; H=hepatocyte. (**b**) Intrasinusoidal leukocyte, scanning microscopic image (s.e.m.); note that its cytoplasmic extensions exhibit a similar diameter compared with the sinusoidal fenestrations; original magnification × 10 000. (**c**) s.e.m. of microvilli from a hepatocyte (H) protruding into the sinusoidal lumen (S); original magnification × 40 000. (**d**) s.e.m. of LSECs; original magnification × 15 000. (**e**) Higher magnification s.e.m. picture, showing a liver sieve and visibility of the hepatocyte\'s microvilli underneath the endothelial layer; original magnification × 20 000. Note the absence of the basal lamina between the LSECs and hepatocytes. Reproduced from Warren *et al.*^[@bib126]^ with permission.](cmi2015112f2){#fig2}

![Liver-mediated T-cell priming and hepatocyte-T-cell interactions as tools for tolerance induction. (**a**) and (**b**) depending on the antigen load and the density of ligands presented by hepatocytes, priming of T cells can result in either activation and expansion, and initiation of an effector response, when the antigen density is low, or (**a**) T-cell anergy and exhaustion are induced when the antigen-load is high (**b**). (**c**) An alternate mechanism to induce peripheral tolerance by hepatocyte-T-cell interaction is emperiopolesis, where autoreactive T cells are invading hepatocytes and are thus eliminated in the hepatocytic lysosomal compartments.^[@bib116]^](cmi2015112f3){#fig3}

![Differences in the outcome of T-cell priming between conventional APCs in the lymph nodes and nonconventional APCs, such as hepatocytes. (**a**) In secondary lymphoid organs, DC-mediated T-cell priming results in T-cell expansion and activation of their effector function. In the case of cytolytic T cells, naive CD8^+^ T cells expand after antigen-specific stimulation, exhibit prolonged survival indicated by up-regulated bcl-xL expression, express inflammatory cytokines such as IFN-γ and CD107a (LAMP1 as markers of their cytotoxic activity. Bcl-x~L~ is a member of the Bcl-2 family of apoptosis regulators and enhances apoptosis protection and prolongs survival.^[@bib200]^ (**b**) Naive CD8^+^ T-cell priming in the liver by hepatocytes leads to death by neglect, a mechanism leading to premature death of T cells. This demonstrates that hepatocytes can induce antigen-specific activation and proliferation of naive CD8^+^ T cells independent of co-stimulatory signals; premature cell death of liver-primed T cells can be prevented by CD28 cross-linking.^[@bib201]^ Death by neglect is a pivotal mechanism to induce peripheral tolerance to hepatic antigen recognition. (**c**) After ConA treatment, TGF-β and IL-10 are produced, and induce tolerance via Foxp3^+^ Treg induction; Treg-derived IL-10 and TGF-β also contribute to the upkeep of tolerance;^[@bib9]^ (**d**) Hepatocytes express the Notch ligand Jagged-1 in inflammation after induction of ConA hepatitis;^[@bib118]^ CXCR3^+^ Tregs are recruited to the liver by enhanced CXCL9/CXCL10 expression in ConA hepatitis, and are converted into IL-10^+^Foxp3^+^ Tregs, which also express Notch1.^[@bib130]^ This conversion depends on the presence of IFN-γ. Bcl-2, B-cell lymphoma-2.](cmi2015112f4){#fig4}
